The Francisella pathogenicity island (FPI) encodes proteins thought to compose a type VI secretion system (T6SS) that is required for the intracellular growth of Francisella novicida. In this work we used deletion mutagenesis and genetic complementation to determine that the intracellular growth of F. novicida was dependent on 14 of the 18 genes in the FPI. The products of the iglABCD operon were localized by the biochemical fractionation of F. novicida, and Francisella tularensis LVS. Sucrose gradient separation of water-insoluble material showed that the FPI-encoded proteins IglA, IglB and IglC were found in multiple fractions, especially in a fraction that did not correspond to a known membrane fraction. We interpreted these data to suggest that IglA, IglB and IglC are part of a macromolecular structure. Analysis of published structural data suggested that IglC is an analogue of Hcp, which is thought to form long nanotubes. Thus the fractionation properties of IglA, IglB and IglC are consistent with the current model of the T6SS apparatus, which supposes that IglA and IglB homologues form an outer tube structure that surrounds an inner tube composed of Hcp (IglC) subunits. Fractionation of F. novicida expressing FLAG-tagged DotU (IcmH homologue) and PdpB (IcmF homologue) showed that these proteins localize to the inner membrane. Deletion of dotU led to the cleavage of PdpB, suggesting an interaction of these two proteins that is consistent with results obtained with other T6SSs. Our results may provide a mechanistic basis for many of the studies that have examined the virulence properties of Francisella mutants in FPI genes, namely that the observed phenotypes of the mutants are the result of the disruption of the FPI-encoded T6SS structure.
INTRODUCTION
The facultative intracellular bacterium Francisella tularensis is the aetiological agent of the zoonotic disease tularaemia. The intracellular lifestyle of F. tularensis differs from that of other pathogens studied to date. After phagocytosis, the F. tularensis-laden phagosome acquires early and late endosomal markers such as EEA-1, Rab5, Rab7 and LAMP-1, but fails to acquire lysosomal markers such as cathepsin D (Clemens et al., 2004; Santic et al., 2005) . Within 1 h of uptake by a macrophage, the phagosomal membrane enclosing F. tularensis is degraded, allowing the bacterium to gain access to the cytosol (Checroun et al., 2006; Clemens et al., 2004; Golovliov et al., 2003) . This is followed by robust replication, leading to eventual host cell lysis. In some studies, late in the infectious cycle, Francisella has been observed to enter a double membranous compartment with the characteristics of an autophagosome (Checroun et al., 2006) . The significance of the delay in phagosomal maturation and the role of autophagy are not clear; however, phagosomal escape is critical to the intracellular growth and virulence of this pathogen.
Transposon mutagenesis studies have been useful in identifying a number of genes that are required for F. tularensis to replicate intracellularly (Gray et al., 2002; Tempel et al., 2006) . Several of these genes are located in an approximately 30 kb genomic region named the Francisella pathogenicity island (FPI) . The FPI is found in all Francisella species and strains, and is duplicated 3These authors contributed equally to this work.
in all of the human-virulent biovars of F. tularensis. The closely related bacterium Francisella novicida, frequently referred to as 'F. tularensis subsp. novicida', has only one copy of the FPI, and this feature facilitates the genetic analysis of the FPI in this strain.
The FPI gene iglC is one of the most highly induced genes during intracellular growth (Golovliov et al., 1997) . Deletion of iglC causes a defect in the ability of Francisella to escape the phagosome (Lindgren et al., 2004) , as well as a failure to induce apoptosis and downregulate host cell signalling (Lai et al., 2004; Telepnev et al., 2005) . The role of IglC in phagosomal escape is not known, but the crystal structure of IglC (Sun et al., 2007) may soon shed light on its function. Indeed, most FPI proteins do not show similarity to any other protein by BLAST analysis, making predictions regarding their function difficult, especially in the absence of structural information. Overall, it is clear that the FPI encodes important virulence factors, although the function of FPI proteins has remained elusive.
Recently, two analyses (Bingle et al., 2008; Boyer et al., 2009 ) of sequenced bacterial genomes have revealed the existence of more than 100 type VI secretion system (T6SS)-like loci, and these studies suggest that the FPIencoded secretion system is perhaps an outlier among the T6SSs. We previously identified the FPI-encoded proteins IglA, IglB, VgrG, PdpB (IcmF) and DotU as having deduced amino acid sequence similarity to T6SS components found in other bacteria (de Bruin et al., 2007) , although these five proteins fall far short of comprising the core of at least 13 proteins thought to be part of a T6SS (Zheng & Leung, 2007) . Substantial evidence that the FPI encodes a secretion system comes from the finding that IglI and VgrG are secreted to the cytosol of macrophages (Barker et al., 2009) . However, recent work has failed to confirm the FPI-dependent secretion of IglI (Bröms et al., 2011) , and no FPI-encoded secreted effector protein has been identified.
METHODS
Strains, plasmids and growth conditions. Strains and plasmids used in this study are listed in Table 1 and described in Supplementary  Table S2 (deletion mutants) . The wild-type strain of F. novicida was the parent strain of all of the deletion mutants. F. novicida and F. tularensis LVS were cultured in trypticase soy broth or agar medium supplemented with 0.1 % (w/v) cysteine (TSBC or TSAC, respectively). All of the experiments were done with F. novicida strains, except for the cell fractionation studies shown in Fig. 3 , for which F. tularensis LVS was used. The LVS strain expresses higher levels of the FPI-encoded proteins, presumably because it has two chromosomal copies of the FPI. Erythromycin (15 mg ml 21 ), kanamycin (15 mg ml 21 ) or 10 % (w/ v) sucrose was added as needed. Escherichia coli strains were grown in Luria-Bertani broth and supplemented with kanamycin (30 mg ml Construction of deletion strains and strains with complementing plasmids. Unmarked F. novicida deletion mutants of FPI genes were constructed using the sacB counter-selection method, as previously described (de Bruin et al., 2007) . The approach to deletion mutagenesis is shown in Supplementary Fig. S1 , and the primers used to make each deletion and the precise location of deletions in each gene are listed in Supplementary Tables S1 and S2, respectively. The entire collection of F. novicida FPI deletion mutants has been deposited with the American Type Culture Collection (ATCC) Biodefense and Emerging Infections Resources (BEI) program. To construct complementing plasmids expressing FPI-encoded proteins, targeted genes were PCR-amplified and ligated into pKH3, a pFNLTP derivative (Maier et al., 2004 ) with a 36FLAG insert engineered into the plasmid to create C-terminal fusions to recombinant inserts. The primers used to amplify the FPI genes for insertion into pKH3 are listed in Supplementary Table S3 . Further details of plasmid construction and complementation are presented in the Supplementary Methods. Subcellular localization of Francisella proteins. Two previously described methods, one that uses detergent-based separation of inner and outer membranes and one that uses sucrose gradient centrifugation separation, were used to separate FPI-encoded proteins into different biochemical fractions. Details of these methods are provided in the Supplementary Methods. Intracellular growth assay. Macrophage infection assays were performed as previously described (Schmerk et al., 2009a) . In brief, J774A.1 mouse macrophage-like cells were seeded in 96-well cell culture plates at a density of 5610 4 cells per well and allowed to adhere overnight. F. novicida strains were added to the wells at an m.o.i. of 50 : 1. The infected monolayers were incubated at 37 uC in an atmosphere of 5 % CO 2 for 1 h to allow uptake of the bacteria. Sterile gentamicin sulfate was added to a final concentration of 10 mg ml 21 for 1 h. The monolayers were washed three times to remove external bacteria and gentamicin. At various times post-infection, the infected J774 cells were lysed by the addition of 0.1 % (w/v) deoxycholic acid. Lysates were serially diluted in PBS containing 0.1 % (w/v) gelatin and plated on TSAC for viable count determination.
Western immunoblot analysis. SDS-PAGE and Western blotting were performed according to standard techniques, as previously described (de Bruin et al., 2007) . The sources and dilution of the antibodies are described in the Supplementary Methods.
RESULTS AND DISCUSSION

Deletion mutagenesis and genetic complementation reveal a requirement for individual FPI genes in intramacrophage growth
Several studies have examined the phenotypes of insertion mutants in FPI genes, and most mutants have been found to be defective for intracellular growth (Gray et al., 2002; Maier et al., 2007; Nano et al., 2004; Tempel et al., 2006) . Since we now know that many FPI genes are needed for intracellular growth, and that many of the insertion mutations affect the expression of downstream genes (Chong et al., 2008; de Bruin et al., 2007; Maier et al., 2007) , a thorough analysis of the role of individual FPI genes in intracellular growth was needed. To help determine which FPI-encoded gene products are required for intracellular growth we constructed an in-frame, markerless deletion mutant strain for each FPI gene (see Supplementary Fig. S1 , Supplementary Table S2 ). Each deletion mutation was also analysed by creating strains that contained genetic complements, usually in the form of plasmid-borne copies of the cognate wild-type gene along with a C-terminal-encoded FLAG-tag (see Supplementary Fig. S2 , Supplementary Table  S3 ). As shown in Fig. 1 , deletion mutants of iglBCD, pdpB, vgrG, dotU and iglEFGHIJ were defective for intramacrophage growth, and genetic complementation of each mutation restored intracellular growth, except in the case of the DiglE mutant. Multiple approaches to complement the DiglE mutant failed, possibly because both insufficient and excessive expression of IglE contribute to avirulence. Deletion of pdpC (Fig. 1l) or pdpE (Fig. 1l, insert) did not affect intracellular growth. We have previously analysed markerless deletion mutants and their complements for iglA, pdpA, pdpD and anmK, and we found that iglA and pdpA are required for intracellular growth, whereas anmK and pdpD are not required for intracellular growth but are required for virulence (de Bruin et al., 2007; Ludu et al., 2008a; Schmerk et al., 2009a) . Hence, we conclude that pdpA, pdpB, dotU, vgrG and iglABCDEFGHIJ are required for intracellular growth, whereas pdpCDE and anmK are not. Interestingly, the number of FPI genes required for intracellular growth (14) is close to the minimal number of genes (13) thought to be required to encode a T6SS (Zheng & Leung, 2007) .
Localization of IglA, IglB, IglC and IglD
The dominant model of the role of T6SS proteins posits that IglA and IglB homologues form a tube structure that spans the inner and outer membranes (Bönemann et al., 2009 (Bönemann et al., , 2010 . Our analysis (see below) of the structure of IglC suggests that it is the major subunit of a tube structure that lies inside the IglAB tube. However, published studies present differing, and perhaps conflicting, data as to the biochemical properties of IglA, IglB and IglC. Studies of IglA (de Bruin et al., 2007) and IglC (Bröms et al., 2011; Golovliov et al., 1997) suggest that they are cytoplasmic proteins. Separate studies have provided evidence that IglA, IglB and IglC are surface-exposed (Ludu et al., 2008a; Melillo et al., 2006) , since they can be biotinylated in intact F. novicida (IglABC) and F. tularensis LVS (IglA) cells. In an attempt to resolve these discrepancies, we examined the association of IglABCD with different biochemical fractions of the bacterial cell, and we took two different approaches to examining the localization pattern of the proteins.
A commonly used method to separate inner-and outermembrane proteins is to treat membrane fractions with the detergent Sarkosyl. Inner-membrane proteins are usually solubilized by Sarkosyl, and are thus said to associate with the 'Sarkosyl-soluble' fraction of the membrane, whereas outer-membrane proteins are not, and are thus said to associate with the 'Sarkosyl-insoluble' fraction of the membrane. When this biochemical fractionation was applied to F. novicida, the FPI-encoded protein IglB was found in all fractions, but most heavily in the Sarkosylinsoluble fraction (Fig. 2b) . IglA and IglC were found predominantly in the Sarkosyl-insoluble fraction, with lesser amounts in the osmotic shock fraction, and a very small amount in the soluble and Sarkosyl-soluble fractions (Fig. 2a, c) . IglD was found predominantly in the soluble fraction and in the osmotic shock fraction, which represents primarily periplasmic proteins (Fig. 2d) . It could be argued that the appearance of IglA, IglB, IglC and IglD in the soluble fraction represents protein that localizes to the periplasm. The localization of IglA, IglB and IglC in the Sarkosyl-insoluble fraction may reflect a true localization to the outer membrane or may simply indicate that these three proteins are in a complex that is large enough to be pelleted by ultracentrifugation and are therefore not solubilized by Sarkosyl. The gene regulatory protein MglB localized, as expected, to the cytoplasm (Fig. 2e) . PdpB was found in the Sarkosyl-soluble fraction (Fig. 2f) . This protein has previously been shown to co-localize with the inner-membrane marker NADH oxidase (de Bruin et al., 2007; Schmerk et al., 2009b) , and its localization to the Sarkosyl-soluble fraction is consistent with these previous studies. The outer-membrane protein FopA was found predominantly associated with the Sarkosyl-insoluble fraction (Fig. 2g) . The IglA, IglB and IglC proteins all lack an N-terminal signal that is needed for export via the Sec pathway or the twin arginine translocation pathway, and thus any true localization to the outer membrane would require a mechanism that is not readily apparent.
In a second approach to bacterial cell fractionation we used a gentle osmotic lysis technique (Huntley et al., 2007) , followed by sucrose gradient centrifugation to separate the insoluble fractions of Francisella. Using this approach we found that detection of FPI-encoded proteins was difficult with F. novicida cells, and was better with F. tularensis LVS cells; the latter strain has two copies of the FPI and produces higher levels of the proteins.
When osmotic lysis and sucrose density centrifugation were applied to separating insoluble fractions of F. tularensis LVS we found three major bands of protein, at sucrose densities centred at approximately 1.19, 1.15 and 1.11 g ml 21 (Fig. 3a) . The precise density of the protein banding varied slightly among experiments, but always followed the same pattern. The band at 1.19 g ml 21 contained the bulk of the FopA outer-membrane protein present in the insoluble material. The major anti-PdpB reactivity was found at about 1.15 g ml
21
. We had previously shown (Schmerk et al., 2009b) that PdpB colocalizes with the bulk of the NADH oxidase activity, a marker for the inner membrane. The sucrose gradient fractions in which we found FopA and PdpB correspond well with the sucrose gradient densities found by Huntley and co-workers that contained outer-membrane proteins (1.18 g ml
) and inner-membrane proteins (1.14 g ml 21 ), respectively (Huntley et al., 2007) .
A remarkable feature of the sucrose gradient separation was the appearance of anti-IglA, anti-IglB and anti-IglC reactivity that was found primarily in sucrose gradient fractions corresponding to 1.11 g ml 21 , a region of the gradient that is far separated from those that contain membrane fractions as identified by reactivity with antiFopA or anti-PdpB antibody (Fig. 3a, b) . Note that all of the material in the sucrose gradient was present by virtue of the fact that it was part of a pellet formed after lysed cells were subjected to high-speed centrifugation. Material found in the sucrose gradient, but not associated with a clearly identifiable membrane fraction, is presumably associated with a macromolecular structure that is large enough to be pelleted by high-speed centrifugation. Thus, the presence of IglA, IglB and IglC at the 1.11 g ml 21 position in the sucrose gradient is consistent with the notion of their association with a macromolecular structure that is distinct from the inner and outer membranes.
Our observation that IglA and IglC associate with an insoluble fraction would appear to contradict the previous conclusion that these proteins are water soluble, and presumably located in the bacterial cytoplasm. The hypothesis that IglA and IglC are major components of the tube structure of an FPI-encoded T6SS provides an explanation for the apparently conflicting data. During The growth of DpdpE, which is essentially the same as the wild-type (WT), is presented as an insert in (l). The mglA mutant lacks expression of a global virulence regulator that affects all FPI genes, and it is defective for intracellular growth. The mglA mutant is included as a negative control for extracellular growth in the tissue culture medium. All of the genetic complements expressed the cognate FPI gene as a 3 ¾ FLAG-tagged version from a plasmid vector, except for the iglD complement, which carried iglD on a chromosomally integrated vector, pJL-SKX. The graphs are representative of three repetitions, which all gave similar results. The P values generated by two-way analysis of variance (ANOVA) for the differences between the mutant strain and WT or the cognate complemented strain were all ,0.0001, except for the following: DiglA vs WT, 0.0002; DiglJ vs DiglJ/iglJ-FLAG, 0.004; DdotU vs WT, 0.0002; DiglE vs DiglE/iglE-FLAG, 0.6; DpdpC vs WT, 0.3; DpdpE vs WT, 0.4. A variety of strategies were attempted to complement the DiglE mutant strain and none succeeded in restoring WT intracellular growth. Analysis of the DiglE mutant showed that the product of the downstream gene, vgrG, produced WT amounts of the protein product, suggesting that the DiglE mutant did not have polar effects on transcription/ translation coupling (see Supplementary Fig. S1c ). Error bars, which are too small to be visible for some data points, show SD. (e-g) Immunoblots to detect control proteins following SDS-PAGE. MglB is a gene regulatory protein found in the cytoplasm. PdpB had previously been shown to be associated almost exclusively with the Sarkosyl-soluble fraction and the innermembrane marker NADH oxidase (Schmerk et al., 2009b) . FopA is an outer-membrane protein (Nano, 1988) .
gentle osmotic lysis of Francisella cells the tube structure may remain largely intact, and thus insoluble. However, techniques that use pressure or sonic disruption to lyse cells may insert sufficient energy to disrupt the tube structures and release IglA and IglC as water-soluble monomers.
IglC as a possible Hcp analogue
Our cell fractionation results showed that IglA, IglB and IglC can be pelleted by high-speed centrifugation and migrate together during a sucrose density separation of bacterial structures. In most gene clusters encoding T6SSs the Hcp homologue is encoded by a gene that lies immediately upstream or downstream of homologues of iglAB (Shrivastava & Mande, 2008) . In the FPI, the gene encoding IglC follows those encoding IglA and IglB, suggesting the possibility that IglC is an Hcp analogue. IglA and IglB are clear homologues of VipA and VipB, respectively, and the dominant model of T6SS apparatuses posits that VipAB form an outer tube structure that surrounds an inner tube composed of Hcp units (Bönemann et al., 2010) . Thus our biochemical results, together with the current model of the T6SS, suggested to us that IglC may play the role in the FPIencoded T6SS that Hcp plays in other T6SSs.
Although matches of the amino acid sequence of IglC to sequences in protein databases fail to show any similarity to Hcp homologues, an analysis of its tertiary structure does suggest a similarity to Hcp homologues and similarities to bacteriophage components. When the structure of IglC was published, the authors found that the VAST algorithm did not detect highly significant structural similarities to proteins in the Protein Data Bank (PDB) databases (Sun et al., 2007) . However, recent updates to the database have revealed structural similarities between IglC and Hcp and presumed secreted analogues of Hcp in other T6SSs; IglC has also been found to be similar to bacteriophage tail proteins. Using the DALI server, we found that the IglC crystal structure (2qwu) showed similarity to a baseplate protein of a Lactobacillus lactis bacteriophage [2wzp, root mean square deviation (RMSD) score 3.2], and Hcp3 (3he1, RMSD score 4.0) and Hcp1 (1y12, RMSD score 4.3) from Pseudomonas aeruginosa.
A structural overlay of IglC with Hcp3 from P. aeruginosa reveals the structural identity of the two proteins (RMSD of 4.0 Å over 128 matched Ca atoms) (Fig. 4a) . This suggests that IglC may have the capacity to adopt a similar hexameric structure to Hcp3 (Osipiuk et al., 2011) (Fig.  4b) . However, there are about 30 aa at the N terminus of IglC that, in this form, would appear to prevent the formation of a hexamer with identical packing to Hcp3 (Fig. 4c) . There is evidence that IglC may have different isoforms (Pavkova et al., 2006; Twine et al., 2006) , but at present there is no evidence that part of the N terminus is removed. Nevertheless, the clear structural similarity of IglC to Hcp proteins gives a strong indication of analogous functional roles, although possibly with IglC packing into hexamers slightly differently from Hcp analogues.
Effect of DotU loss on the stability of PdpB
The localization that we found previously and in this study for PdpB to the inner membrane is consistent with its role as an IcmF homologue. Since IcmF homologues are known to interact with DotU (IcmH) homologues in the inner membrane, we examined the localization of the FPIencoded DotU using a FLAG-tagged recombinant. As expected, DotU-FLAG localized to the inner membrane (Fig. 5a) . In a Legionella pneumophila mutant with deletions of icmF and dotU, the Dot/Icm complex is destabilized (Sexton et al., 2004) . As an approach to testing whether this phenomenon holds true in F. novicida we examined the stability of PdpB in a dotU mutant. In extracts of a DdotU mutant we found that anti-PdpB antibody detected two reactive bands, including one of a lower relative molecular mass than the normal PdpB band (Fig. 5b) , suggesting that PdpB was being proteolytically cleaved. This phenotype was reversed by the expression of DotU-FLAG (Fig. 5b) . To determine whether the stability of PdpB is dependent on other FPI gene products, we analysed whole-cell lysates of strains deleted in two genes upstream and two genes downstream of dotU and found that only the deletion of dotU affected PdpB stability (Fig.  5c) . We have not shown that DotU directly interacts with PdpB, but cumulatively our data indicate that DotU expression is required to stabilize PdpB, as has been shown with IcmF and DotU orthologues in type IV secretion systems and one T6SS (Ma et al., 2009; Sexton et al., 2004) .
Model of an FPI-encoded T6SS
If we assume that IglC plays the role of Hcp homologues, and that PdpB (IcmF) and DotU have similar functions to their homologues in other bacteria, then it is simple to adopt the model of the T6SS apparatus that has been proposed by Bönemann et al. (2010) for the proteins encoded by the FPI (Fig. 6) . In our adaptation of the Bönemann model the IglA and IglB proteins form an outer tube, with IglC being the dominant component of the inner tube. Importantly, IglA and IglB are known to interact (Bröms et al., 2009; de Bruin et al., 2007) . The localization of DotU was shown in this work to be in the inner membrane, and experiments presented here and elsewhere show that PdpB also localizes to the inner membrane (Bröms et al., 2011; Schmerk et al., 2009b) . The results of Barker and colleagues suggest that IglI and VgrG are both secreted from F. novicida (Barker et al., 2009) , although contradictory results have been obtained with F. tularensis LVS (Bröms et al., 2011) . Although there are many issues to be resolved, an image of the FPI-encoded T6SS is beginning to emerge. 
